Background Little is known about changes in bone mineral density (BMD) following weight loss after one-anastomosis gastric bypass (OAGB) and the role of serum vitamin D and its supplementation on bone metabolism. We evaluated BMD after OAGB as a function of vitamin D supplementation with respect to a minimum threshold of 25-hydroxy-vitamin-D [25(OH)D] concentration, which could prevent or decelerate an eventual bone loss. Methods Fifty bariatric patients who participated in the randomized controlled trial were included in this analysis. BMD and anthropometric measurements by DXA and laboratory parameters were assessed before (T0), at 6 (T6), and 12 months (T12) after surgery. Results OAGB resulted in a 36% total body weight loss with a decrease in body fat and an increase in lean body mass. A significant decrease in BMD was seen in lumbar spine by 7%, left hip 13%, and total body 1%, but not in forearm. Bone turnover markers increased significantly but with normal parathyroid hormone concentrations. Weight loss was not associated with changes in BMD. A serum 25(OH)D concentration > 50 nmol/l at T6 and T12 (adequate-vitamin-D-group; AVD) showed a significant lower bone loss, compared to the inadequate-vitamin-D-group (IVD; < 50 nmol/l). Lower bone loss in the left hip showed a strong correlation with higher 25(OH)D concentrations (r = 0.635, p = 0.003). Conclusion These findings support a dose effect of vitamin D supplementation on bone health and suggest that 25(OH)D concentrations need to be above 50 nmol/l at least during the first postoperative year to decelerate bone loss in patients undergoing OAGB. Clinical Trial Registry Number and Website Clinicaltrials.gov (NCT02092376) at https://clinicaltrials.gov/.
Introduction
Little is known about changes in bone mineral density (BMD) following weight loss after one-anastomosis gastric bypass (OAGB). Bariatric surgery is an effective method to treat morbid obesity, its comorbidities such as (pre)diabetes [1, 2] and non-alcoholic fatty liver disease (NAFLD) [3] , and is associated with long-term weight loss and decreased overall mortality [4] . Due to gastric restriction and malabsorption by the gastric bypass procedure, 50-96% of the patients exhibit nutrition-related deficiencies such as vitamin D deficiency [5] [6] [7] [8] . Thus, low vitamin D concentrations and elevated parathyroid hormone (PTH) levels as mediators of bone loss are common findings in obese patients. After bariatric surgery, vitamin D deficiency and secondary hyperparathyroidism may be exacerbated by the malabsorptive state.
Bariatric surgery also affects bone metabolism by decreasing mechanical loading and subsequent reduction in the differentiation of osteoblasts [9] . In addition, loss of adipose tissue mass and changes in anatomy and physiology of the gastrointestinal tract lead to altered hormone and adipokine secretion further affecting bone metabolism [9] .
The association between vitamin D deficiency and bone disease is well described [10] , and malabsorption following bariatric surgery is regarded the main cause for postoperative bone loss [11] . OAGB is a quite recently developed bariatric procedure with higher weight loss compared to the traditional Roux-en-Y gastric bypass (RYGB). Both procedures have restrictive as well as malabsorptive properties [12] . Additionally, there is an increasing body of literature suggesting a role for appetite suppression mediated by neurohormonal signals after RYGB [13] . Regarding the best approach for treating vitamin D deficiency in bariatric patients, only limited data are available, especially for OAGB. In postmenopausal women, vitamin D supplementation slows bone loss [14] , protects against weakness and the risk of falling [15] , and decreases secondary hyperparathyroidism [16] . In bariatric patients, even with a very high vitamin D dose [17] , it has been challenging to achieve the recommended 25-hydroxy-vitamin D [25(OH)D] concentrations above 75 nmol/l [8] .
Obesity has been regarded as protective against osteoporosis because body weight amplifies bone density [18] . After RYGB, the rate of bone loss is greatest during the first year and plateaus or even slightly improves in subsequent years [19] . This is considered to be the consequence of surgically induced weight loss. In that regard, postoperative bone loss seems to be a dynamic process and the role of vitamin D deficiency is not fully elucidated nor has the use of supplements been proven to reverse this process [20] . Vitamin D status might be a modifying factor in bone loss but the requirements of vitamin D supplementation or a 25(OH)D concentration which is adequate after OAGB remains elusive and to our knowledge has not been studied in those patients. Additionally, as the prevalence of bariatric surgeries increases, there is a need for more information about its potential deleterious effects on bones [9, 11] .
As part of a randomized controlled trial of vitamin D 3 supplementation after OAGB, safety and efficacy of high-dose vitamin D supplementation were previously reported [21] ; however, changes of BMD have not been investigated so far. As achieving sufficient 25(OH)D concentrations postoperatively has been challenging, it was hypothesized that highdose oral vitamin D 3 supplementation leading higher 25(OH)D concentrations would result in a deceleration or prevention of bone loss. Therefore, the aim of this analysis was to determine the effects of vitamin D levels on BMD and parameters of bone turnover following OAGB-induced weight loss.
Methods

Study Design
This study was approved by the local Ethics Committee of the Medical University of Vienna (No. 1899/2013), by the Austrian Competent Authority (No. LCM-718280-0001), registered at clinicaltrials.gov (Identifier: NCT02092376) and EudraCT (Identifier: 2013-003546-16), complies with the Declaration of Helsinki [22] , and conducted from April 2014 to June 2016 at the Medical University of Vienna (Austria). The study participants were scheduled for OAGB surgery and all of them gave written, informed consent preoperatively. Subjects were participants in a 6-month double-blind, placebo-controlled, randomized trial of vitamin D supplementation, the LOAD-study ("Link between Obesity And Vitamin D") [21] . The study protocol was previously published [23] . Participants were randomly assigned to one of two vitamin D supplementation groups. The intervention group received three oral vitamin D 3 loading doses of each 100,000 IU in the first month postoperatively followed by maintenance dose of 3420 IU/day until 6 months with compliance testing. The control group obtained placebo in the first month followed by maintenance dose of 3420 IU/day until 6 months. Afterwards, both groups were recommended to continue the vitamin D 3 supplementation until the follow-up visit at 12 months. Supplementation adherence was reviewed by medication counts until the end of the trial 6 months after surgery (T6). At 12 months postoperatively (T12), the adherence was not assessed. Regarding the first, second, and third loading doses in the first month postoperatively, 100, 100, and 96% of the participants took their assigned study drug (cholecalciferol) or placebo. Adherence to the subsequent maintenance dose was at 2, 3, 4, 5, and 6 months after surgery at 67, 70, 71, 63, and 61%, respectively, without statistically significant differences between the study groups [21] . The reason given by the patients was that they "have forgotten to take the vitamin D supplementation every week", despite a reminder on a regular basis. At baseline, no participant took any vitamin D supplementation, which was an inclusion criterion for this trial. Inclusion criteria were that the patients were planned for OAGB surgery, were above 18 years old, had a serum 25(OH)D concentrations of < 75 nmol/l, and a body weight < 140 kg (due to body weight limitation of the dual-energy X-ray absorptiometry). Specific exclusion criteria included any other planned form of bariatric surgery than OAGB, hypo-and hypercalcemia, renal insufficiency, or primary hyperparathyroidism. The details on design, the used materials and methods, as well as the sample size calculation of the study have been previously published [23] . The findings regarding safety and efficacy [25(OH)D as main outcome parameter] at T6 of the trial have been previously published [21] . Compared with control group, a higher increase of 25(OH)D concentration (67.9 (SD: 21.1) vs. 55.7 nmol/l (21.1); p = 0.049) with lower prevalence of secondary hyperparathyroidism (10 vs. 24%; p = 0.045) was observed in the intervention group [21] .
All OAGB procedures were performed at the General Hospital Vienna, Medical University of Vienna by the same surgical team using a laparoscopic approach. It is a simplified procedure that consists of a unique gastrojejunal anastomosis between a 30-and 40-ml sleeve gastric pouch and a jejunal omega-loop of approximately 200 cm [24] . The study methods are in accordance with the CONSORT (Consolidated Standards Of Reporting Trials) guidelines for reporting randomized trials [25] .
Vitamin D Groups
The 50 bariatric patients represent the participants of the randomized controlled trial (Fig. 1) . Out of 67 eligible patients, 25% declined to participate, and 50 patients were included at baseline [21] . After randomization, four randomization failures occurred and were excluded from the study. In total, the drop-out rate was 6.5% (n = 3) at 6 months (T6) and 19.6% (n = 9) at 12 months postoperatively (T12).
For the purposes of this analysis, vitamin D inadequacy was defined as a 25(OH)D concentration < 50 nmol/l (< 20 ng/ml), and vitamin D adequacy was defined as a 25(OH)D concentration ≥ 50 nmol/l (≥ 20 ng/ml). Accordingly and based on calculations, the study population was divided in patients who demonstrated 25(OH)D concentrations ≥ 50 nmol/l at T6 and at T12 (adequate vitamin D group; AVD) and in those < 50 nmol/l at T6 and/ or T12 (inadequate vitamin D group; IVD). This cut-off of 25(OH)D concentrations was assessed due to following considerations and calculations: to examine the cut-off value of 25(OH)D in the first year in patients undergoing OAGB to prevent or decelerate bone loss, we used the receiver operating characteristic (ROC) curve of 25(OH)D and the t-scores of all four regions. T-scores represent numbers that compare the condition of the bones with those of an average young person with healthy bones and are usually in the negative or minus range. The World Health Organization (WHO) in 1994 gave operational definition of osteoporosis as follows: normal bone density: T-score between + 1 and − 1; osteopenia or low bone mass: T-score between − 1.1 and − 2.4; osteoporosis: T-score of − 2.5 or less [26] . By using t-score of lumbar spine below − 2.5 (osteoporosis), the ROC curve demonstrated an area under the curve (AUC) of 0.682 (0.15). A 25(OH)D concentration ≥ 50 nmol/l had a sensitivity of 50% and a specificity of 77% and a cut-off of ≥ 75 nmol/l had a sensitivity of 100% but lower specificity of 32%. We used the T-score of the lumbar spine, as only in this region we could observe t-scores below − 2.5 and the ROC calculation showed the highest AUC compared to other BMD regions. Therefore, for further analyses and for the vitamin D groups, we used the cut-off value of 50 nmol/l.
Assessment of Variables
Data were assessed before study begin (T0), at 6 months (T6), and at follow-up visit at 12 months (T12). At T0, age, sex, and medical history (e.g., comorbidities, prescribed medication) were collected as previously described [23] . The following set of evaluations was obtained for each participant at the three time points: height and body weight (measured with the calibrated scale seca mBCA 515) and waist circumference measured with an inelastic tape at the narrowest point between the lower costal border and the top of the iliac crest in accordance with the International Standards for Anthropometric Assessment (ISAK) [27] .
Blood samples were collected, and following laboratory parameters were used for this analysis: albumin (g/dl), serum type 1 collagen cross-linked C-telopeptide (CTX; ng/ml), osteocalcin (ng/ml), bone-specific alkaline phosphatase (ng/ ml), intact amino terminal propeptide of type 1 procollagen (P1NP; mg/l), intact parathyroid hormone iPTH (pg/ml), 25(OH)D (nmol/l), 1,25(OH) 2 D (pg/ml), albumin-corrected calcium (Ca; mmol/l) [28] ), and phosphate (mmol/l). A chemiluminescence immunoassay was used to measure the total circulating 25(OH)D concentration in serum samples. This immunoassay is an accredited test procedure and the laboratory participated in the study from the very beginning to ensure reliability of the 25(OH)D assays.
BMD (grams per centimeter 2 ) and bone mineral content (BMC; grams) were assessed at the posteroanterior lumbar spine (L1-L4), left hip (femoral neck, trochanter, and total hip), forearm (one-third distal radius, ultradistal, and total radius), and total body by dual-energy x-ray absorptiometry (DXA, Hologic Discovery A; S/N 45312, Hologic, Inc., Bedford, MA) and were acquired according to the procedures recommended by the manufacturer and by the guidelines of the International Society of Clinical Densitometry (ISCD) including the International Osteoporosis Foundation-certificate. All DXA scans were done by the same technologist team. Machine calibration and subject positioning during DXA scan were standardized. Body composition was assessed by the whole body fan beam as total body fat (%) and lean body mass (%).
Statistical Analysis
The results are expressed as mean (standard deviation or standard error) for continuous and as percentages for categorical variables. In order to test for normal distribution, a visual test (histograms and box plots) was used and the KolmogorovSmirnov test was applied in addition. Statistical significance tests such as t test or Mann-Whitney U test and Chi 2 test were applied to assess differences between the AVD and the IVD group at baseline. The cut-off value for 25(OH)D in regard to the t-score was assessed using the ROC curve described as AUC with standard errors. The main outcome of interest was the change in bone measures in the first postoperative year. We applied repeated-measures analysis of covariance (ANCOVA) using random error (linear mixed model) to assess the effect of time, group, and their interaction for changes in parameters between the groups, by using different covariance structure models as appropriate and were adjusted for age, sex, season, and baseline values to supply an unbiased estimate of the mean group difference [29] . Moreover, a post hoc analysis with Bonferroni correction was used. Additionally, linear regression was performed to assess associations between changes in BMD variables to change of variables in body composition, bone turnover, and vitamin D metabolism, adjusted for age, sex, and season. Estimates of the prevalence of osteopenia or -porosis (t-score below − 1 or below − 2.5) between the groups over time were calculated using generalized estimating equation (GEE) with a logit link function for binary outcomes and unstructured covariance matrices. With this approach, we examined effects with time as repeated factor and group as between subject factor with prevalence of osteopenia/-porosis (yes, no) as dependent variable, adjusted for age, sex, season, and baseline values. All statistical analyses were performed with IBM® SPSS® Statistics for Windows, Version 23 software (IBM Corporation, Armonk, New York, USA). P values < 0.05 were considered statistically significant and all tests were two-sided. Table 1 . All parameters changed significantly at T6, except for iPTH, calcium, BMD lumbar spine (absolute and t-sore), BMD left hip (absolute), BMD forearm (absolute and t-score), and BMD total body (absolute and t-score). The different regions of BMD did not change significantly at T6, except for left hip t-score. In addition, all parameters changed significantly over the whole time period from baseline until T12, except for iPTH, calcium, and BMD forearm. Over 12 months, a significant decrease in BMD was seen (Fig. 2) when measured in the lumbar spine (7.1% (standard error: 1.5%), p < 0.001), left hip (12.6% (1.1%), p < 0.001), and in the total body (1.3% (0.6), p = 0.046), except for forearm (0.9% (0.7%), p = 0.172). Table 2 shows the comparison between the AVD and the IDV group on parameters of bone turnover and laboratory parameters. At T0, the AVD group showed significantly higher CTX and bone-specific alkaline phosphatase and lower calcium concentrations. At T12, significant group differences in bone-specific alkaline phosphatase and, as expected, in 25(OH)D could be found. The AVD group had a significantly higher 25(OH)D concentration at T6 and at T12. In addition, calcium showed a significant group and time interaction with higher concentrations in the AVD group.
Associations Between Vitamin D and Parameters of Bone Turnover and Laboratory Parameters
The significant changes in BMD in absolute values and tscore are shown in Fig. 3 and Fig. 4 . The AVD group showed significantly higher BMD values compared to the IDV group, adjusted for age, sex, season, and baseline values. Significant differences in absolute values (g/cm 2 ) could be found between the groups in forearm (p = 0.043; Fig. 3c ), over time in lumbar spine (p < 0.001; Fig. 3a) , left hip (p < 0.001; Fig. 3b) , and total body (p = 0.006; Fig. 3d ) and a significant interaction between group and time in lumbar spine (p = 0.024) and forearm (p = 0.028). After 1 year, the relative declines in BMD were lower in the AVD group compared to the IDV group (lumbar spine: 5.7 vs. 10.0%; left hip: 10.0 vs. 17.4%; forearm: 0.5 vs. 1.5%; total body: 0.6 vs. 2.3%). Regarding the tscore, significant differences were observed between the groups in left hip (p < 0.001; Fig. 4b ) and forearm (p < 0.001; Fig. 4c ), over time in lumbar spine (p = 0.001; Fig.  4a ), left hip (p < 0.001), forearm (p < 0.001), and total body (p = 0.001; Fig. 4d ) and a significant interaction between group and time in lumbar spine (p = 0.029), left hip (p < By using generalized estimating equation, adjusted for age, sex, season, and baseline values, the estimates of the prevalence of osteopenia (t-score below − 1) in lumbar spine, left hip, forearm, and total body are presented in Table 3 . Regarding the prevalence of osteoporosis (t-score below − 2.5) in the lumbar spine, we did not observe a significant difference between the groups (p = 0.405) nor over time (p = 0.187; T0: 0 vs. 1%; T6: 1 vs. 1%; T12: 2 vs. 4%). In addition, in the other three regions (left hip, forearm, and total body), no patient demonstrated a t-score below − 2.5 over time.
No significant associations between the change of body weight or BMI to the change of BMD in all four regions, adjusted for age, sex, and season, were seen in our study. This bone loss appeared independent from weight loss.
Regarding changes in parameters of bone turnover and vitamin D metabolism, we could observe significant associations between the change in total body BMD (g/m 
Discussion
To our knowledge, this is the first randomized controlled trial that examined BMD during weight loss after one-anastomosis gastric bypass as a function of postoperative vitamin D status. Patients with higher vitamin D levels (serum 25(OH)D concentration above 50 nmol/l) in the first postoperative year showed lower relative declines in lumbar spine, left hip, forearm, and total body BMD, compared to patients with lower vitamin D levels.
We could demonstrate that OAGB resulted in a large reduction in body weight by 36% in morbidly obese patients with a decrease in total body fat and an increase in lean body mass. Over 12 months, a significant decrease in BMD was seen when measured in the lumbar spine (7%), left hip (13%), and in total body (1%), but not in the forearm.
Regarding RYGB, studies on BMD are inconclusive reporting decreases between 3 and 7% in the spine [30] [31] [32] and in the hip between 8 and 11% in the first year [30] [31] [32] [33] [34] [35] [36] [37] or no changes [35, 36] and unchanged BMD in the forearm [34] [35] [36] . BMD declines for the total body have been observed up to 3% [32, 34] .
Compared to RYGB studies, we found a similar decline in lumbar spine, higher in the hip, lower in total body, and likewise no changes in the forearm in patients undergoing OAGB. Moreover, 1-year weight loss ranged between 30 and 35% in RYGB studies [30-32, 35, 36] , which is comparable to our study of OAGB patients who lost 36%. In addition, weight loss or BMI loss was not significantly associated with the decrease in BMD. In that regard, obesity has been considered as protective against osteoporosis [18] and the decline in hip BMD in RYGB patients has been found to be associated with the surgically induced weight loss itself [35] . However, our At baseline: n = 50, at 6 months: n = 43, and at 12 months: n = 37
Significant findings are in italics Fig. 2 Change in bone mineral density (BMD) at each measurement site 12 months after one-anastomosis gastric bypass (OAGB), as percent change in BMD from preoperative baseline. Note: BMD: bone mineral density; paired t test; error bars: standard error; *p < 0.05; **p < 0.01 compared with baseline Significant findings are in italics study could not find an association between bone loss and weight loss, and therefore, bone loss seems independent from surgically induced weight loss in our study population. It is noteworthy that while the percentage of the body fat mass decreased, the lean body mass as well as the appendicular skeletal muscle mass increased significantly over time. One explanation for that could be the close monitoring of the patients in the first 6 months postoperatively with individual dietary counseling every month within the study visits. In addition to that, the patients were advised to perform physical activity. Up to now, the role of vitamin D inadequacy in postoperative bone loss is not fully understood and the use of supplements has not been proven to reverse this process [20] . In that regard, we found that a lower bone loss, in left hip BMD, was associated with a higher 25(OH)D concentrations during the first postoperative year. Thus, higher vitamin D concentrations following high-dose vitamin D supplementation in the first postoperative year might be able to decelerate bone loss, which is in accordance with studies in elderly women [14] . A supplementation with 400 IU vitamin D 3 daily in elderly women slightly decreased iPTH levels and increased BMD [14] . In RYGB patients, the rate of bone loss is greatest in the first postoperative year and plateaus or even slightly improves in subsequent years [19] . Therefore, it is crucial to maintain high the 25(OH)D concentrations in the first postoperative year. In addition, regarding malabsorption, we found no significant differences between the vitamin D groups in weight loss and all study participants underwent an OAGB with the same alimentary limb length of 200 cm.
To the best of our knowledge, only two studies measured BMD in RYGB patients in relation to different high-dose standardized vitamin D supplementation regimes. Muschitz [38] . However, it is not possible to dissect the isolated effects of the respective interventions, in particular of vitamin D supplementation [38] . In another randomized vitamin D 3 supplementation trial, patients in the intervention group received 50,000 cholecalciferol/week in addition to 5600 IU/week compared with a control group of only 5600 IU/week until 1 year after RYGB surgery [39] . The authors of this study demonstrated that 50,000 IU of vitamin D weekly after RYGB attenuates cortical bone loss [39] . As a result of decreased vitamin D absorption or concentration, elevated iPTH or secondary hyperparathyroidism can exert negative effects on BMD. Therefore, an adequate level of vitamin D (≥ 50 nmol/l) might be required to keep the iPTH level in the normal range. In our study population, iPTH and calcium concentrations remained unchanged and no patient demonstrated high iPTH levels after one postoperative year. This is in contrast to the findings of our previously published prospective cohort study in bariatric patients receiving a lower and non-standardized vitamin D supplementation (95% CI 200-3000 IU/day according to the available guidelines at that time) with a prevalence of high iPTH levels of 23% [8] . Thus, adequate vitamin D concentrations are needed to prevent an increase in iPTH levels [17] .
Lower bone loss in total body was associated with lower bone turnover markers such as CTX, osteocalcin, and P1NP values over the study duration of 1 year. These bone turnover markers, CTX, osteocalcin, bone-specific alkaline phosphatase, and P1NP, increased significantly, as well as 25(OH)D, 1,25(OH) 2 D, and phosphate, after 12 months. On the contrary, albumin, and albumin corrected calcium decreased while iPTH concentrations remained unchanged compared to baseline. Similarly to our previously published cohort study [8] , we observed an approximately same high prevalence of high bone formation markers (CTX and osteocalcin) after 12 months.
Several limitations have to be mentioned. First, the sample size is rather small, although it was based on the sample size calculation taking into account differences of serum 25(OH)D concentrations at 6 months between the intervention and control group. Indeed, we were able to demonstrate significant differences, which validate the sample size calculation. Our study included a high percentage of women (80%), which, however, is very common in bariatric patients. Due to the body weight limitation of the DXA procedure, body weight of the patients was below 140 kg before surgery, which, however, is representative for 82% of our bariatric patient cohort undergoing OAGB [8] . Another limitation of this study is the lack of physical activity measurements, as physical exercise might have an impact on BMD. Furthermore, this study was not designed to evaluate any potential clinical risks or benefits such as fracture outcome of the investigated population.
Nevertheless, the significant and relevant novel findings, the design of the study provides detailed pre-and postoperative data of patients undergoing OAGB, which, as a rather new bariatric procedure, has not been evaluated in that regard.
In conclusion, our study reports in patients undergoing the relatively new OAGB compared to those with RYGB a similar decline of BMD in lumbar spine, higher in the hip, lower in total body with no changes in the forearm. As can be expected, bone turnover markers increased significantly in the first postoperative year but all patients demonstrated normal iPTH concentrations, most probably due to higher vitamin D concentrations. Furthermore, bone loss seems independent from surgically induced weight loss in our patients, and lower bone loss was associated with higher 25(OH)D concentrations. Accordingly, the relative declines in lumbar spine, left hip, forearm, and total body BMD were lower in those patients with higher 25(OH)D concentrations (≥ 50 nmol/l) after 6 and 12 months compared to patients with lower concentrations. Thus, higher vitamin D concentrations during the first postoperative year following adequate vitamin D supplementation might be able to decelerate bone loss. Although higher vitamin D levels are challenging to reach during weight loss, patients undergoing OAGB need to keep the 25(OH)D concentrations above 50 nmol/l, at least over the first postoperative year, to decelerate bone loss.
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